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Metal-Insulator—-Semiconductor Transmission Lines

Dylan F. Williams, Senior Member, IEEE

Abstract— This paper investigates the one-dimensional magnetic wall
metal-insulator-semiconductor transmission line. It develops
closed-form expressions for equivalent-circuit parameters, y=hy =4,
compares them to exact calculations, and explores their ¢ metal’ 7777
limitations. It also investigates the usual assumption of single- v En - € - JO, /007
mode propagation and shows that, in certain fairly common [rLpsLLLLLiLLL y = Iy = 5t
circumstances, the fundamental mode of propagation becomes insulator
so lossy that it can no longer be considered to be the dominant GGG -
propagating mode. m yomsL
Index Terms— Equivalent circuit, metal-insulator—semicon- fSleCOﬂ uctor y

ductor transmission line, microstrip, silicon. =& € 'Jos/ﬂ);

\%
7.

I. INTRODUCTION electric wall

HIS PAPER investigates the transverse magnetic (TMjg. 1. The one-dimensional MIS transmission line.
modes of the one-dimensional metal—insulator-semicon-

ductor (MIS) transmission line of Fig. 1. The transmission.,. .
line consists of a metal film bounded on its upper surfa@éﬂcantly from the treatments of [1] and [2] by proposing

by a perfect magnetic wall and separated by an insulator &7 equivalent-circuit model in which the resistance of the

a depletion region from a semiconducting substrate back%léPStrate IS connected in parallgl W'th the .reS|stances of the
etal and insulator, rather than in series with them.

with a perfectly conducting wall. While this transmissior" ) o i ) .
P y 9 These three investigations of the one-dimensional MIS lines

line has no fringing fiel i roxim wide microstri . . ) .
€ has no ging fields, it approximates wide microst %Fve played a crucial role in shaping our understanding of the
r

lines fabricated on silicon substrates backed by thi der ¢l FMIS t ission lines- al t all sub i
metal films of high conductivity. Here, the magnetic wal oader class o ransmission fin€s, aimost ail subsequen

approximates the nearly open-circuit condition at the air-me gyestlgatmns of more co_mplex MIS I|ne§ W'.th frmgmg fields
interface on top of the signal line, while the electric wal ave focused on extensions of the basic circuit models they

approximates the boundary condition due to the high e?ﬁ?'sbeg- er will renort on sinale unified equivalent-circuit
conductive metal film on the back of the substrate. It > tp P fW' thp domi ' '?FMU m d quflvth ireul
solutions, when reflected through the magnetic wall, al gscriptions. tor- the -dominantlily -mode 0 € one-

correspond to those of the even modes of symmetric infinite imensional MIS line valid over all its regions of operation. It
wide metal—semiconductor—insulator—metal—insulator—se ill also present the first application of the integral expressions

conductor-metal striplines of [4] and [5] for a transmission line’s equivalent-circuit
Guckel et al. [1] Haseéawaet al. [2], and &ger [3] parameters to the development of a closed-form equivalent-

first investigated the one-dimensional MIS transmission Iim%'.rCUIt model for a transmission line. Finally, this paper will

Guckel et al. observed that when the substrate conductivi{)zvesugatf3 th.e common asgumptlon that ff.‘MO.mOde of .
o. is greater than a specific conductivity, ., the MIS line e MIS line is always dominant and examine its properties

will be dominated by series loss, and that wheris less than when it becomes so lossy that it can no longer be considered

Omin, the MIS line will be dominated by shunt loss. They usegommant.
omin t0 define two distinct regions of operation. They treated
these two regions of operation independently and developed Il. EXACT MODAL SOLUTIONS
different equwalent—mrcun descriptions for each qf them. It is customary to refer to theth TM mode of a trans-
Hasegawaeet al. carried these concepts further in [2]. This_. .~ "
. . . mission line, where: refers to the order of the mode, as the
work discussed three MIS regions of operation, each separ

- . . . » mode. When the transmission line is losslesggefers
from the others by a transition region and described by its oW e number of nulls in TM field. and hiaher values sof
distinct equivalent-circuit model. ’ 9

In [3], Jager focused on what he called the “slow wav gorrespond to highe_r spgtia[ variation in the transverse fields.
region c’)f propagation of the MIS lineader deviated Sig_e\Nhen the transm|SS|on'I|r?e is lossy, the modes are ordered SO
’ that the transverse variation in the transverse fields increases

with increasingn.
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dielectric constant,,, of the metal to be — jo,, /w, wheree,  and

is the permittivity of free spaces,, is the conductivity of the ks & O sin(kity) — B cos(kit;)
metal, andw is the angular frequency, the dielectric constant D= wF cos(kat.)

¢; of the insulator to bele, wheree! is the relative dielectric o o
constant of the insulator, and the complex dielectric consta®ince the modal propagation constanimust allow (7) and

es of the semiconductor to béey — jos/w, wheree. is its (8) to be satisfied simultaneously, the fields of a mode may
relative dielectric constant ang is its conductivity. Then the be found by alteringy until both (7) and (8) are satisfied
longitudinal electric field of a TM mode of propagation in thesimultaneously, at which point the modal fields of (1)—(3)

(8)

MIS line of Fig. 1 can be written as [6] will satisfy Maxwell's equations everywhere in the line. This
cos(km(hs — 1) hs >y > ho procedure can be used to determine the fields and propagation
B sinlzlh(hQ - y’)) +C cos(ki(ha — 1) constant of any of the TM modes of the MIS line.
E. = ' hy > y1> hy " (1)  The usual definitions for the modal voltaggand the modal
D sin(k.y) hy >y S0 currentiy per unit width are
. . . . lg
and its tangential magnetic field as vo = — E,dy ©)
] y=0
& Sin(km(h?) - y))7 h3 2 Yy 2 h2 !
m and
L2513 cos(h(ia — ) + C sin(l(ha — )] joe
H, = % cos(ki(ha — v s Kilr2 — y)|, io = j{H dl = H"L‘|y=h2 - k—m sin(kmtm). (10)
ha>y>h m
Jwes D cos(ky) hy>y>0 Here, the modal voltage, corresponds to the integral of
sY /s 1 Z = Y.

Nk the tangential electric field across the transmission-line cross
(2)  section from the electric wall at = 0 and the magnetic wall
Here,hy = t;, hy = ti +ts, andhg =t + ¢ + 5, Where gty — ;. The modal current, corresponds to the current
tm, ti, andt are the thicknesses of the metal, insulator, anf the metal film, determined here by integrating the magnetic
semiconducting substrate. In additio, = H, = E. = 0, field around a path enclosing the metal. The modal pgwer

the field_s _have been normalized so tiat = 1 aty = hs; per unit width, equal to the integral of the Poynting vector
the implicit dependence™/“*¢=7%, where v is the modal gyer y, is

propagation constant, has been suppressed throughout, and the

) . . . . hg
mode’s tangential electric field, is po = _/ E,H! dy. (11)
E,=-——H,. ) =
Jwer

In accordance with [4] and [5], the power—voltage definition

The constants:,,,, ki, andk, are defined by of the characteristic impedance % = |vo|?/p§ and the

B2 =2 12 @) power—current definit.ion of ch_aracteristic impedgncéZ@E
=7t wiertio po/lio|?>. We determine the inductancé, capacitanceC,

where takes the valuesy, i, or s as appropriate, and, is resistancez, and conductancé per unit length and width

the permeability of free space. The describe the variation Of the line from R + jwL = vZ, and G + jwC = v/Z.

of the fields in they-direction and are usually complex. AtFigs. 3-5 plot exact solutions for these quantities for the

low frequencies,]{;m is small and the currents in the metapurrent—power definition OZO in solid lines for a substrate

are nearly uniform. For good conductors at high frequencidickness¢; = 100 um. The figures illustrate the strong

k., approacheg1 — 5)/6, whereé is the skin depth in the frequency dependence &f, C, R, andG.

metal. This forces the fields to decay with distance from the

metal—insulator interface, in keeping with the skin effect. The [ll. CONVENTIONAL MODEL

fields discussed here are special cases of those presented in [%e will first investigate a simple equivalent-circuit model

Continuity 9f E, and H, at _the metal—msulatpr mterfacefor the TM, mode of the MIS line based on classic surface-
(y = h2) requires that? and ' in (1) and (2) satisfy impedance and parallel-plate-capacitor approximations. While
C = cos(kmtm) (5) this model cannot be found in the literature, it is composed
of various elements of the models found in [1]-[3]. For this
reason, we will call it the “conventional model.”
B— _kiem sin(kutm) ) Fig. 2 shows the model elements and their relationships to
& kn mem the standard parametels L, G, andC. The obvious analogy

Continuity of £, and H,, at the insulator—semiconductor®f the MIS line with a parallel-plate capacitor suggests setting

interface = hy = t,) yields two conditions foD that must Gi +JwCi andG; + jwC; in the model of Fig. 2 tgjwe;/#;
be satisfied simultaneously. They are and jwe,/ts. The model reproduces the exact values:oénd

] C on thin substrates extremely accurately.
B Sm(kit.i) + C cos(kiti) 7) However, the conventional model breaks down on thicker
sin(kst;) substrates. Figs. 3-5 illustrate this. They compare the exact

and

D=
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R, Ln R, L. 3 10
G =—= Exact ¢ P, =0.001 Q-cm
1 &—e Exuct & )
G, C, 13—~ Exact L
6——o lixact R &
i o~ o3l T Conventional models g
:E B Integral models u:-i_
L R ~ ~
~ @}
5 O 5
G c @ N,;
= 003 b}
RVIOL~ (RyR) +io (Ly=piterL) ©
G- jwC= [([jwC) (G +jwC)' ]’ o.01
Fig. 2. An equivalent-circuit model for th& My mode of the MIS trans- 0.003 |
mission line of Fig. 1. The formulas at the bottom of the figure can be used 0.001 0.01 0.1 1 10 100
to transform between the model parameters and the line’'s standard circuit
parameters?, L, G, andC plotted in Figs. 3-5. The inductance attributed to Frequency (GHz)

the insulating region in the model jsot;.
Fig. 5. Exact and modeled values &f L, G, andC for the TMy mode

of an MIS transmission line withy, = t; = 1 um, om = 3 x 107 S/m,
e =39, ¢ =117, p. = 0.001 Q - cm, andt, = 100 zm. The models

05 10t agree so well with the exact results that the differences shown in the figure
1o =100 0em = wbatl 4 are, for the most part, indistinguishable. The exact values are calculated from
s oo Lxact G the power—current definition of characteristic impedance.
&—~ Fxact L
o——o Exact R 103 e
VVVVVVVVV Conventional models =] . .
= 2/ e ies | = values ofC and G for a 100um-thick substrate of various
= o - < conductivities to those calculated from this model, which is
5 01 5 labeled conventional model and marked with short dashed
= 2 lines in the figures. Fig. 5 shows that the conventional model
o »  overestimates  significantly at high frequencies on thick
0.05
© highly conductive substrates.
The classic surface-impedance formulation approximates
. R, and L, by the surface impedance of a plane wave
0'0&001 0.01 01 | 10 100 impinging on the finite metal film backed by a magnetic wall,

and R, and L, by the surface impedance of a plane wave
impinging on the finite thickness semiconducting substrate
Fig. 3. Exact and modeled values 8f L, G, andC for the TMo mode backed by a perfectly conducting ground plane. The resulting

of an MIS transmission line with,, = t; = 1 gm, oy = 3 x 107 S/m, ; ; ; ;
el =39, ¢ =11.7, ps = 100 Q - cm, andts = 100 gm. The integral expression forz, and Ly, in the model of Fig. 2 is

Frequency (GHz)

model agrees so well with the exact results that the differences shown in km1 1
the figure are indistinguishable. The exact values are calculated from the Ru + jwLpy ~ =2 (12)
power—current definition of characteristic impedance. Wem tan(kmltm)
and for R, and L, is
100 107 . Jks1
et B R, + jwlLg =~ e tan(kets) (13)
o—e Exact G y ]0(’ s
oo et - where thek,; = w./ [1]. These expressions may be
10 —o Iixact R 5 & X 71 - I’LPCT : : p y
R Conventional models E derived by settingy = 0 in (4) and substituting the resultirig
AR cgral modes 2 into (1) and (2) to determine the surface impedaneés /H,
N I =0 Qem E at the metal and semiconductor surfaces.
(=} . U 3 . . . . .
= ’ Nfi The surface-impedance approximation, like its counterpart
= £ for C and G, works extremely well for thin substrates,
01+ ° R &  but breaks down for thick substrates. This is illustrated in
/ J Figs. 3-5, which compare the exact values Bf and L
/ (solid lines) to those calculated from this surface-impedance
0.0(}001 o o , " 10010’1 approximation, which are also labeled conventional model
’ ' ’ and marked with short dashed lines. Fig. 3 shows that the
Frequency (GHz) conventional model overestimatés and L significantly at

Fig. 4. Exact and modeled values & L, &, andC for the TM, mode high frequer_‘Cies on thick highly resistive SUbStrate_s'
of an MIS transmission line withy, =t = 1 um, oy, = 3 x 107 S/m, Thus, while the conventional model always gives good
€ =39, ¢ =117, po = 0.1 Q- cm, andz, = 100 pm. The integral regylts for thin substrates, at high frequencies and on thick

model agrees so well with the exact results that the differences shown in the . .
figure are, for the most part, indistinguishable. The exact values are calcula‘f\'é%psnatesi it overestimateS and C' when the substrate

from the power—current definition of characteristic impedance. conductivity is high and overestimatds and L when the
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substrate conductivity is low. This is not surprising given 100
that the approximations fof7 and C evolved from ideas
based on insulting substrates and the approximationsifor
and L evolved from a surface impedance developed for good
conductors.

30000
o ﬁ/ﬁo p = 0.1 Q-cm
1«

—_— TMO mode

20000

o
=
=%

IV. VOLUME INTEGRAL EXPRESSIONS

o (nepers/my

While the approximations described above are good, we can
do better with the new and exact integral expressionsFor
L, G, andC found in [4] and [5]. For the TM modes of the
one-dimensional MIS line, these integral equations reduce to

10000

jw h3 ) ) 0.001 0.01 0.1 1 100
’. o _ *
Rt jol= 15 /y el =By (4) e )

and Fig. 6. The attenuation constantand normalized phase constatt/3, of
the TMy andTM; modes afps = 0.1 2 - cm for an MIS transmission line

‘ jw [T ) With tn = #; = 1 gm, om = 3 x 107 S/im, ¢ = 3.9, ¢, = 11.7, and
G+ jwC = 5 €|l By | dy. (15) ¢, = 100 gm. The quantitiesx and 3 are defined fromy = « + j3 and 3,
|U0| y=0 is the phase constant of a plane wave propagating in free space.

While (14) and (15) are exact, we can develop good closed-

form approximations by evaluating,, ig, and the integrals is to say, its loss is so low that all higher order modes created
only in the semiconducting substrate. Thus, we substitue a discontinuity in the line die away quickly enough to be

the integration limith; at the silicon surface foks, H, at ignored at small distances from the discontinuity. When the
the semiconductor surfacey (= h; = t) for 4o in (14), TM, mode is dominant, it is the only mode that carries power

hq

y=0 E, dy for vy in (15), andkg, for ks, where between well separated sources, discontinuities, and receivers
L in the line.
12, = wpioes + jo (omtm) ™" + jwpo(t; + tm)_ (16)  The exact method can be used to find the propagation con-
? tifei +ts/es stant and fields of anffM,, mode. Fig. 6 plots the attenuation

constantsa: of the TMy and TM; modes as a function of

f[ﬁquency whenps = 0.1 € - cm for a substrate thickness
of £, = 100 um. The figure shows that at low frequencies,
the attenuation of th&'My mode remains small compared

The expression fok,, comes from substituting derived from
approximate equivalent-circuit parameters into (4) evaluated
the silicon substrate. This results in the approximations

R, + jwl. ~ Jw to that of theTM; mode. At these frequencies, tH&M, is
2| cos(keats)|? dominant, has fairly low attenuation, and is thus well suited
sin(2k’,t,)  sinh(2k%t,) for propagating electrical signals.
o< o o ) However, the attenuation constant of thi®l, modes grows
52 52 rapidly at high frequencies, making it poorly suited for prop-
« Ks2 2 sin(2klots)  sinh(2k¢) agating high-frequency signals. Figs. 7 and 8 show that this
- ‘ € wes < 2k, - 2k, ) 17) high-loss region is limited to high frequencies and a limited

band of substrate resistivities near= 0.1 £ - cm.
Fig. 6 shows that in its high-loss region of propagation, the
G, + jwC attenuation constant of tHE€M, mode becomes comparable
_ jweslks)? <Sin(2k‘§2ts) Sinh(2kg2ts)> (18) to that of theTM; mode. Here, we can no longer say that the
= 2| sin(koot,)[? 2k, 2K, TM, mode is dominant and an accurate description of the line
will require consideration of multiple modes of propagation,

! 1 H H
where ke and kg, are the real a_nd |mag|r.1ary.partslbsz. a considerable design complication. There are other design
Figs. 3-5 plot the results of this approximation with IO”%ompIications in this high-loss region as well.

dashed lines and label them “integral models.” These V0|umeFigs. 7 and 8 ploto: = |poipio/poopi1 |, @ measure of the
integral models are so good that they usually cannot Q%nificance of the modal cross powers ’[7] where
distinguished from the exact results on the figures, althoug '

Fig. 5 shows that (18) overestimatés somewhat on thick _ _/h3 E. H* d (19)
highly conductive substrates at high frequencies. Prm = y=o T Y

and

andE,, andH,,, are the fields of th&'M,, mode. They show
that {,; becomes large when the propagation constants of the
Up to this point we have examined only tH&V; mode. two modes become comparable. Wh&n is large, the total
When the substrate is thin, the loss of tti&l, mode is power in the transmission line can no longer be calculated as a
always small compared to those of the higher order modessofm of the powers carried individually by tA&V, and TM;
propagation, and it can be considered to be “dominant.” Thaiodes [8]. This emphasizes the complexity and multimodal

V. HIGH-LOSS REGION OF OPERATION
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1 10 — 10
— WT®
e—ao(TM)e(T™M) — ~ | wit =0.05 Rt
NG | ey 2t wmC
> 0.1 N o
b= =0) 1} e—e (G - 10° £
g £ e ~ g =
< = T - . [
- - [S§ —a [ 3
= _ = o . S
RS ~ o—o R P 10 ]
E 0.01 p. -0.1Q-cm & 0.2 o ;ﬂ/l 5 8
= s — 0. 10 0
] C - =
= ~ b %
. )
Z 0001 v at-w-aii- au AN B
¥ 0.02 D i
0.01 / 10
0.0001 T R S AT R L 0.004 s . S B 10°
0.001 0.01 0.1 1 10 100 0.01 0.1 1 10 100
Frequency (GHz) Frequency (GHz)
Fig. 7. The ratio of attenuation constants of tiél, and TM; modes, Fig. 9. Exact values ofR, L, G, and C' for the TMy mode of
n, and gor at ps = 0.1 © - cm for an MIS transmission line with the one-dimensional MIS transmission line with, = t = 1 um,
tm =t =1 um, o, = 3 x 10° S/m, el = 3.9,¢, = 11.7, and o, = 3 x 107 S/m, e =39,¢ = 11.7,p. = 0.1 © - cm, and
ts = 100 pm. ts = 100 um are compared to results for microstrip calculated with the

full-wave method of [9]. The parameter is the width of the microstrip

0.6 center conductor and the cage= oo refers to the one-dimensional results.

e nz\voi“-po|/]p0|

ot
MR C2|p01p10’/|p00p”r

y VI. MICROSTRIP
051 o ma(tM)/a(mM,)

j{ While we made no attempt to account for the fringing fields

5 04 of a finite-width microstrip in the one-dimensional analysis
= /=30 GHz presented here, it is reasonable to ask whether the one-
E’ 0.3 dimensional MIS line will provide an accurate model for a
3 finite-width microstrip line. In fact, the model works well
; 02 for w larger thant,. Calculations show, for example, that
S wider microstrip reflects the qualitative behavior of the one-

0 dimensional MIS line and still exhibit, for example, a high-loss

0 region nearp; = 0.1 £ - cm.
0.001 0.01 0.1 1 10 However, the one-dimensional model breaks down wien
becomes much smaller than This breakdown is illustrated
by Fig. 9, which compares the equivalent-circuit parameters
Fig. 8. The ratio of attenuation constants of fisl, and TM; modes,;, of a microstrip line of center conductor widths = 0.05¢,
and o at 30 GHz for an MIS transmission line with, = # =1 um,  determined with the full-wave method of [9] to those of
om = 3 x 10" S/m,el = 3.9, ¢, = 11.7, andts = 100 pxm. . . . . . .

! the one-dimensional MIS line. Here, the equivalent-circuit
&arameters of the microstrip line has been normalizedvhy
S0 as to be directly comparable to the one-dimensional results.
That is,R and L for the microstrip line has been multiplied by

the fidelity with which the power carried by tHEM, mode ' WhereaszandC’have been divided by. In each case, the
metal, insulator, and substrate parameters were all identical.

is determined by the produeiif; of its modal voltage and X e X .
the conjugate of its modal current. The figures show that th Fig. 9 .shows that the fringing fields cannot. be |gnored
Ten w IS much smaller thart, and the one-dimensional

usual relationship between the conventionally defined mo S result anot b d for practical circuit desian. It
voltage and current and the actual power carried in the lic esufts cannot DE USed Tor practical circut design.

o M i I g
MIS lines with high-loss regions of operation may be used prea y simply dividing indu

propagate low-frequency signals over moderate distances 9 c;_ne-dmtrnsmaal Mtlﬁ thl:r? byﬁ thf (fmtﬂdUCt%r tWIg?]o
high-frequency signals over very short distances. Howev Pe Igure also shows that the eflect of the substra n

even though the integral-based equivalent-circuit model St;géakens as the center conductor width shrinks, suggesting

provides an accurate description of the propagation charac Iﬁ-lt narrow r_mcrostnps on S|I|(_:on substrates may avoid the
istics of theTMg mode in its high-loss region, the precedin Igh-loss region of operation discussed above.

discussion paints a complex picture of the electromagnetic
behavior of the MIS line there. Accurate high-frequency circuit VII. CONCLUSION

design in this high-loss region will require accounting for This paper presented accurate closed-form models for the
the multimodal character of the transmission line, high modagjuivalent-circuit parameters of thEM, mode of the one-
cross powers, and unconventional relationships between thmensional MIS transmission line. In contrast to previous
modal voltage, current, and power. treatments, only a single set of expressions and model topol-

P, (Q-cm)

character of the transmission line in its high-loss region
operation.
Figs. 7 and 8 also ploy = |voig — pol/|po|, @ measure of
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ogy are required to describe the line over its entire range
of operating conditions. This simplification creates a clea
physical picture of the MIS line, in which the impedances ang
admittances of each layer may be calculated independently
and then added together in a simple and intuitive way t
predict overall transmission-line behavior. In this picture, th
series impedance of each layer is determined by its surface
impedance and its admittance by a parallel-plate capacitan
model.

The accuracy of the conventional model was improved with4]
the aid of the integral expressions of [4] and [5]. This improve-[5
ment did not require adding elements to the model or adjusting
the model topology. This is the first time, to the author’s
knowledge, that these integral equations have been used [%
estimate equivalent-circuit parameters. The success of thig
approach here suggests a new methodology for constructing
equivalent circuits for more complex transmission lines. Thigg;
methodology would use field approximations and the integral
expressions of [4] and [5] to estimate the contributions of eacp
layer or physical region of the transmission line to the tota
transmission-line impedance and admittance per unit length.

This paper has also shown that the MIS line has a high-loss
region of operation in which its electrical behavior becomes
complicated and multimodal in nature. It explored the prop-
erties of theI'M, mode in this high-loss region of operation,
showing that the conventional relationships between its modal
voltage, current, and power do not hold there, and that the
total power in the line is no longer a simple sum of the powers
carried by each mode of propagation individually. From thj
last observation, we can conclude that accurate treatments
MIS lines in this high-loss region will require consideratio
not only of multiple modes of operation, but also of the mod
cross powers, as is done in [8].
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